Introduction
Germ cells are unique due to their ability to giving rise to gametes of both sexes. This divergence depends on the commitment to either spermatogenic or oogenic pathway of differentiation during the larval or foetal period. Thus, the somatic environment of gonad determines the fate of germ cells (Evans et al., 1977; McLaren, 1975 McLaren, , 1981 Palmer and Burgoyne 1991; Adams and McLaren, 2002) . The key step of the commitment to oogenesis involves induction of the pre-meiotic DNA repair and the entry into prophase of the first meiotic division (Bowles and Koopman, 2010) . In mammalian female foetus all existing oogonia enter meiosis and develop into diplotene oocytes (Bukovsky et al., 2005) . It was thought that in amphibians subpopulation of oogonia enters meiosis every consecutive year (Witschi, 1929; Bukovsky et al., 2005) , however, a recent study suggests that at least in Rana temporaria the stockpile of oocytes is established once for a life span as in mammals (Ogielska et al., 2013) . In contrast to females, the commitment to spermatogenesis involves avoidance of meiotic entry during foetal or larval life, until puberty (Bowles and Koopman, 2010) . In consequence meiotic entry in male gonads is dramatically delayed in comparison to female gonads. For instance in the mouse, meiosis is initiated at 13.5 dpc in ovaries and around a week after birth in testes (McLaren, 1984 (McLaren, , 2003 . Thus, it has been postulated that foetal ovaries produce a meiosis-initiating substance (MIS) and foetal testes produce meiosis-preventing substance (MPS) (reviewed by Kocer et al., 2009 ). Organ co-culture studies showed that murine foetal ovaries initiated meiosis when cultured in the presence of mesonephros indicating that in mice the mesonephros is the source of MIS (Byskov, 1974; Baker et al., 1976) . However, surprisingly both the male and female mesonephroi have the ability to induce meiosis specifically in the ovary. This suggests that murine foetal testes produce a substance preventing meiotic entry (Byskov and Saxen, 1976; Evans et al., 1982; Dolci and DeFelici, 1990) . Even less is known about these processes in amphibian gonads, beyond the fact that in all studied amphibians, the first oocytes appear in developing ovaries before metamorphosis, whereas in the testes spermatocytes appear usually after metamorphosis (Kobayashi and Iwasawa, 1988; Ogielska, 2009; Piprek et al., 2010) .
It appeared that Stra8 (stimulated by retinoic acid gene 8) is up-regulated in germ cells starting from 12.5 dpc during female mouse development, i.e. right before meiotic entry (Baltus et al., 2006; Menke et al., 2003; Oulad-Abdelghani et al., 1996) . Moreover, Cyp26b1, the enzyme degrading RA, is expressed in the mouse male gonads at 12.5 dpc, i.e. at the time when male germ cells lose their ability to transdifferentiate into female germ cells (Bowles et al., 2006; Koubova et al., 2006) . These data indicate the key role of RA in meiosis entry in mice.
In the mouse, RA is synthesized from retinol by three retinaldehyde dehydrogenases (Raldh1, Raldh2, Raldh3; Rhinn and Dollé , 2012) . Raldh1 and Raldh3 play roles mainly in the development of ectodermal origin organs such as brain and eyes, while Raldh2 is broadly distributed in developing mesodermal tissues, thus also in the gonads. The degradation of RA depends on three P450 cytochromes (Cyp26A1, Cyp26B1, Cyp26C1). However, Cyp26B1 being expressed in mouse fetal urogenital system seems to be the key enzyme in RA degradation in the gonads (Abu-Abed et al., 2001; Yashiro et al., 2004; Bowles et al., 2006; Koubova et al., 2006; Uehara et al., 2007; Kashimada et al., 2011) .
The origin of RA in the urogenital system differs in various species. In mouse RA is produced in mesonephroi and it diffuses to the gonads. However, the meiotic entry is triggered exclusively in ovaries. In testes, RA is degraded, most probably in Sertoli cells and Leydig cells, and this action prevents meiotic entry (Bowles et al., 2006; Koubova et al., 2006; Kashimada et al., 2011) . In humans, RA is produced directly in foetal gonads (Childs et al., 2011) . Also in birds RA is synthesized in the gonads (in the ovarian cortex as well as in the testis cords) and it is degraded by Sertoli cells (Smith et al., 2008) . This indicates that the regulation of the meiotic onset varies among the vertebrates and may differ even within related clades (e.g. in mouse and human). Anura is an interesting old group, whose diversification time has begun about 240 MYE (Roelants et al., 2007) , containing highly divergent branches. Additionally, in anurans the establishment of germ cell lineage occurs via preformed germ plasm in contrast to urodels and mammals in which intercellular signals are crucial in this process (Extavour and Akam, 2003) . Considering the long time evolution of anurans, we chose six divergent species to investigate the variety of mechanisms of meiotic entry: Bombina bombina (Bombinatoridae), Xenopus laevis (Pipidae), Bufo viridis (Bufonidae), Hyla arborea (Hylidae), Rana arvalis and Rana temporaria (Ranidae) (Schmid and Steinlein, 2001; Roelants et al., 2007) , which differ in their heterogametic status (both XX/XY and ZZ/ZW) (Fig. 1) . X. laevis is a sub-Saharan African species and the rest of studied species are mostly European. B. bombina and X. laevis are representative of more primitive anurans (Archaeobatrachia), whereas Bufonidae, Hylidae and Ranidae belong to more derived anurans -Neobatrachia (Fig. 1) . Eventual diversity in molecular control of gonadogenesis may reflect a high time of divergence among anuran amphibians. We also analyzed the localization pattern and level of Raldh2 and Cyp26B1 expression (which indicate sites of RA synthesis and degradation) in developing Bidder's organs in B. viridis. The Bidder's organs are unique ovary-like structures containing oocytes and develop from the anterior part of gonads exclusively in Bufonidae irrespectively of the sex of the animal (Brown et al., 2002) . The role of Bidder's organs is not known.
The aim of this study was: (i) to test whether exogenous RA triggers meiotic entry in anuran gonads, (ii) to verify whether RA homeostasis through its synthesis and degradation is involved in meiotic entry, and (iii) to identify presumptive sites of RA synthesis and degradation in developing anuran gonads by immunolocalization of two key enzymes involved in RA homeostasis: retinaldehyde dehydrogenase 2 (Raldh2; also termed aldehyde dehydrogenase 1A2 or Aldh1A2) that synthesizes RA and cytochrome P450 26B1 (Cyp26B1) that degrades RA (Duester, 2008) .
Results

Meiosis induction and inhibition in in vitro cultured developing gonads
For the in vitro culture we used: (i) undifferentiated gonads containing gonial cells, (ii) larval testes containing spermato- gonia and, (iii) larval ovaries containing oogonia (just before meiosis entry).
Control culture
As expected, undifferentiated gonads placed in the control culture did not develop meiocytes and remained undifferentiated even after 10 or 20 day culture. The control culture of larval ovaries, which originally contained only oogonia, resulted in the formation of oocytes. In contrast, culture of larval testes did not induce meiotic entry and only spermatogonia were present in the testes after 10 and 20 days of culture ( Fig. 2A  and B ).
Effects of RA treatment
No meiocytes were observed in the undifferentiated gonads cultured in medium with RA either for 10 or 20 days and, similarly to the control, they did not undergo differentiation into ovaries or testes (Figs. 2A and B, 3, Supple 3 and 4) . Larval testes of H. arborea, B. viridis, R. arvalis and R. temporaria cultured in presence of RA for 10 days contained ectopic leptotene meiocytes ( Fig. 2A, Supple 3) . After 20 days of culture with RA, ectopic leptotene meiocytes were observed in testes of all tested species (Figs. 2B, 3, Suppl. 4) . However, zygotene/ pachytene meiocytes were present only in testes of H. arborea and B. viridis. The diplotene meiocytes were absent in the testes of all studied species. In larval ovaries of all tested species but not in B. bombina, the meiocytes appeared after 10 days culture in the presence of RA. In the ovaries a significant increase of the number of germ cells in meiotic prophase (including leptotene, zygotene/pachytene and diplotene cells) was noted in all analyzed species after 10 and 20 day culture in the presence of RA but not in B. bombina and H. arborea, which lacked diplotene oocytes. It has been suggested that Raldh2 synthesizes RA in the gonad. To test this hypothesis we inhibited Raldh2 using citral. The presence of citral in the culture medium resulted in a total lack of meiotic cells in the undifferentiated gonads, testes and ovaries in all studied species ( Fig. 2A and B , 4, Suppl. 3 and 4) . Only spermatogonia and oogonia were present in the male and female gonads respectively, and no sign of meiosis entry was observed after either 10 or 20 days of culture in all species. Notably, the number of oocytes in the Bidder's organ of B. viridis significantly decreased (Fig. 4) .
The co-treatment with citral and RA for 10 or 20 days led to meiotic entry of germ cells in the ovaries ( Fig. 2A and B, Suppl. 3 and 4) and testes of all studied species. This strongly suggests that exogenous RA efficiently rescued the inhibition of RA synthesis by citral.
Effects of inhibition of RA receptors
To test the role of RA in meiotic entry we tested the effect of inhibition of RA receptors. To do so we supplemented the culture medium with BMS453 that is a synthetic retinoic and an antagonist of three RA receptors (RAR-a,-b,-c). In BMS453-supplemented media only gonial cells were observed in undifferentiated gonad, in ovaries and in testes in all studied species (Figs. 2A and B, 4, Suppl. 3 and 4) . In addition, the Bidder's organ of B. viridis lacked diplotene oocytes. These results confirmed that BMS453 was highly efficient in inhibition of meiosis entry and/or progression (Fig. 4) . Thus, BMS453-induced RAR inhibition has a similar effect to the inhibition of RA synthesis by citral.
To test whether BMS453 treatment is reversible we co-cultured gonads in BMS453 and RA. This treatment induced meiosis both in ovaries and testes ( Fig. 2A and B, Suppl. 3 and 4). This indicates that exogenous RA is able to compensate the inhibition of RA receptors.
Effects of inhibition of RA degradation
To test if the degradation of RA prevents meiotic entry we supplemented the culture medium with ketoconazole that blocks cytochrome P450 engaged in hydroxylation of RA. Undifferentiated gonads cultured in the presence of ketoconazole for 10 or 20 days lacked the meiocytes (Figs. 2A and B, 3, Suppl. 3 and 4) . Testes of X. laevis, H. arborea, R. arvalis and R. temporaria incubated for 10 days in the medium containing ketoconazole developed leptotene meiocytes ( Fig. 2A , Suppl. 3) and testes of R. arvalis developed zygotene/pachytene meiocytes (Suppl. 3). After 20 days of culture leptotene meiocytes were present in the testes of all six species (Fig. 2B, 3 , Suppl. 4) and zygotene/ pachytene meiocytes only in H. arborea, R. arvalis, B. viridis. Fig. 3 -Effects of RA and ketoconazole on the undifferentiated gonads and testes of anuran amphibians. In the control undifferentiated gonads (Undiff.) as well as in the undifferentiated gonads and testes after 20-days culture with RA or ketoconazole, only gonial cells (g) were present and no meiocytes were observed. In the control testes only spermatogonia (sg) were present. In the testes after 20-days treatment with RA or ketoconazole meiocytes at phases leptotene (L) or zygotene/pachytene (Z) appeared besides spermatogonia. Scale bar 25 lm.
The comparison between the number of meiocytes after 10 and 20 day culture showed the clear increase in number of zygotene/pachytene meiocytes demonstrating the progression of meiotic prophase in the culture. However, none of the testes (D) were present. In the ovaries after 20-days culture with citral or RAR antagonist, only oogonia (og) were present and no meiocytes were visible. The control Bidder's organs were filled with numerous diplotene oocytes (D), however, in the Bidder's organs after 20-days treatment with citral or RAR antagonist the number of diplotene oocytes were lowered or only leptotene and zygotene/pachytene oocytes were present. Scale bar 25 lm. contained diplotene meiocytes. The number of meiotic cells present in the ovaries exposed to ketoconazole was similar to the control.
The co-treatment with ketoconazole together with citral or RAR antagonist prevented meiotic entry and progression in both testes and ovaries of all studied species ( Fig. 2A and B , The results of ketoconazole treatment suggest that Cyp26B1 may be responsible for the block of meiosis entry during the testis development in all studied anuran species. All above observations indicate that homeostasis of RA is maintained through the balance between RA synthesis and degradation.
Localization of Raldh2 and Cyp26b1
Immunofluorescence analysis
The results of this analysis are shown in Figs. 5 and 6 and are summarized in Tables 1 and 2 by indicating the intensity of staining in somatic and germ cells in sexually undifferentiated gonads, testes, ovaries and in Bidder organ.
2.2.1.1. Immunolocalization of Raldh2.
Raldh2 signal was evident especially in the coelomic epithelium and also in the kidney tubules (Fig. 5) . Within the developing gonads, the Raldh2 signal was strong in the undifferentiated gonads, developing ovaries and in developing Bidder's organs (Fig. 5 and, Table 1 ). Raldh2 was present in the cortical region of the undifferentiated and female gonads, i.e. in the superficial epithelium of gonads (a part of coelomic epithelium), the somatic cells enclosing the germ cells. The signal was also discernible in the germ cells. The Raldh2 signal was almost undetectable in the developing testes in X. laevis, H. arborea, R. arvalis and R. temporaria. A slight signal of Raldh2 was visible in the developing testes of B. viridis. However, the in the developing testes of B. bombina the Raldh2 signal was almost as strong as in the ovaries. The comparative analysis shows that the most significant Raldh2 signal is characteristic for somatic cells of developing ovaries and Bidder's organs, however, the lowest signal for somatic and germ cells of developing testes (Table 1) .
Immunolocalization of Cyp26b1.
Cyp26b1 was present in the undifferentiated gonads and the strongest signal was in developing testes, especially in B. bombina and B. viridis. However, this enzyme was not detected in developing ovaries ( Fig. 6 and, Table 2 ). Interestingly, Cyp26b1 was present in the undifferentiated gonads of B. viridis except the anterior part of the organs which differentiates into the Bidder's organ. Cyp26b1 signal was also evident in the cytoplasm of diplotene oocytes in the Bidder's organs.
Discussion
Meiosis induction by RA in anurans and other vertebrates
Here we demonstrated by organotypic in vitro cultures of anuran gonads that exogenous RA triggers meiosis in larval testes of all six tested anuran species. Additionally, exogenous RA enhances meiosis in the ovaries, i.e. leads to increase in the number of oocytes comparing to the control. The inhibition of Raldh enzyme by administration of citral resulted in the lack of meiosis not only in the testes, but also in the ovaries in each of the tested species. This strongly suggests that RA is necessary to initiate meiosis in anuran larval gonads and that its synthesis in the gonad relies on Raldh enzyme, presumably Raldh2 that is present in developing gonads. Interestingly, the addition of exogenous RA totally reversed the effect of citral. Thus, exogenous RA apparently compensates and rescues the lack of endogenous RA. We positively verified the role of RA in meiosis entry also by blocking the action of RA receptors. Exogenous RA reversed the effect of inhibition of RA receptors, which suggests that RA successfully out-competed the synthetic retinoid RAR inhibitor BMS453 for binding sites of RARs rather than exogenous RA acted through a RAR-independent mechanism. Our observations suggest that that the specific balance in RA homeostasis plays a key role in meiotic entry in the ovary and prevents meiotic entry in the testis. Other studies conducted in vertebrates have led to similar conclusions on the role of RA in the meiosis entry. The culture of larval gonads of Pleurodeles waltl (Urodela, Amphibia) in medium supplemented with RA resulted in the increase of Dmc1 expression that is a meiosis marker. Unfortunately, only 2-days culture was carried out, thus no meiocytes were observed (Wallacides et al., 2009) . RA was capable of initiating ectopic meiosis in foetal gonads of the mouse, which was triggered by the increase of expression of meiosis inducing genes Stra8, Scp3 and Dmc1 (Bowles et al., 2006; Koubova et al., 2006) . The up-regulation of these meiotic markers was followed by appearance of few zygotene/pachytene cells in the mouse testes cultured in the presence of RA. The expression of STRA8 was also increased after culture of human foetal gonads with RA (Childs et al., 2011) . Inhibition of RA synthesis by citral in P. waltl in vitro cultured gonads inhibited Dmc1 expression in the ovaries (Wallacides et al., 2009 ). The RARs blocking experiments were performed both in P. waltl (Wallacides et al., 2009 ) and in mouse (Bowles et al., 2006; Koubova et al., 2006) . In each of these three studies the inhibition of RAR resulted in decreased expression of meiotic markers. Our long-term culture also showed that the inhibition of RAR results in the absence of meiotic cells. All these results suggest that the mechanism of meiosis entry in anurans, urodels and mammals is similar.
In order to explain the lack of meiosis in anuran larval testes we decided to inhibit degradation of RA. During long-term (20 days) culture in the presence of ketoconazole, the inhibitor of P450 cytochromes, ectopic meiocytes appeared in testes of all studied anuran species. This showed that meiosis is inhibited by a cytochrome P450 in the larval testes, presum- ably by Cyp26b that is present in developing testes. Interestingly, inhibition of RA synthesis or RA action, via blocking RARs by administration of citral or RAR antagonist, reversed the inhibition of RA degradation by ketoconazole and inhibited meiosis entry. Thus, RA seems to play a key role meiosis entry in anurans.
Similar results, i.e. appearance of ectopic meiocytes (in zygotene) and the increase of meiotic markers, were obtained for foetal mouse testes cultured in the presence of ketoconazole (Bowles et al., 2006; Koubova et al., 2006) . Ketoconazole treatment also increased meiotic markers in larval testes of P. waltl (Wallacides et al., 2009 ). Interestingly, meiosis in the foetal testes was also triggered by the knockout of RA degrading enzyme Cyp26b1 (MacLean et al., 2007) . These data indicate that ketoconazole action mimics the knockout of RA degrading enzyme.
In addition, our results show that the germ cells in the undifferentiated gonads of all studied anurans are insensitive to RA or its modulators.
3.2.
Raldh2 and Cyp26b1 expression pattern reflects sites of RA synthesis and degradation
We analyzed Raldh2 and Cyp26b1 expression in developing gonads because of their major role in regulation of RA homeostasis. The highest signal of Raldh2 expression was detected in the superficial epithelium (a part of coelomic epithelium) of the gonad suggesting that this tissue is the main source of RA. The level of Raldh2 expression was high in undifferentiated gonads and increased further in differentiating ovaries. In differentiating testes of B. bombina, B. viridis Raldh2 expression level remained similar to that in undifferentiated gonad. In contrast, in differentiating testes of X. laevis, H. arborea, R. arvalis, R. temporaria there was no visible or slight expression of Raldh2.
Raldh2 was mainly expressed in the cells of the coelomic epithelium covering the gonads and outside these organs. A significant increase of Raldh2 signal coincided with the early ovarian differentiation and apparently resulted from the proliferation and increase of Raldh2-positive cell number in the growing ovarian cortex. The somatic cells of the cortex are derived from the coelomic epithelium that is Raldh2-positive already in earlier stages of development. They differentiated into follicular cells in which the expression of Raldh2 is maintained. This pattern of Raldh2 expression in developing ovary implicates a potentially enhanced RA synthesis during the ovarian development.
The analysis of the sites of potential RA production, as indicated by Raldh2 expression, as well as its degradation evidenced most probably by Cyp26b1 expression, allowed us to divide the six studied species into two groups. In the first group (X. laevis, H. arborea, R. arvalis, R. temporaria), the regulation of RA synthesis (Raldh2 expression increases in the ovaries and decreases in the testes) seems a key factor in meiosis entry or its prevention in ovary and testis respectively. In the second group (B. bombina, B. viridis) regulation of RA degradation seems engaged in meiosis prevention in the testis, which is indicated by up-regulation of Cyp26b1 in the male gonads (Fig. 7) . Interestingly, B. bombina (Bombinatoridae) belongs to basal branch of anuran phylogenic tree (Archaeobatrachia), however, B. viridis (Bufonidae) is a representative of more derived group (Hyloidea, Neobatrachia). Also these two species do not share the same sex chromosome status (Fig. 1) . Thus, the mechanism of meiosis entry is decoupled from phylogenetic relationships among these anuran species despite the fact that in all studied species RA is involved in meiosis entry.
In the first group, Raldh2 is up-regulated (indicating sites of potential RA synthesis) in the differentiating ovary, which most probably results in the local increase in RA concentration and could induce meiosis, whereas this enzyme is down-regulated in the differentiating testis and apparently prevents meiosis in this organ. Thus, the required concentration of RA, adequate to the gonadal sex, could be obtained by the regulation of Raldh2 expression in both sexes.
In the second group, Raldh2 is up-regulated during the ovarian development that probably causes an increase in RA concentration and meiosis entry. In the testes of these anurans Raldh2 is likewise expressed and accordingly we postulate that RA is produced there. In consequence, Cyp26b1 up-regulation prevents meiosis.
The signal of Raldh2 was evident in the undifferentiated gonads, testes and ovaries of B. bombina, especially in the ovarian cortex, which implied the potentially constant synthesis of RA during the gonadogenesis. However, Cyp26b1 was expressed in the differentiating testis, which, according to our model, prevented meiosis trigger by depletion of RA. In X. laevis, Raldh2 and thus perhaps RA production, was evident especially in the undifferentiated gonads as well as in the ovaries. However, since down-regulation of Raldh2 in the differentiating testes prevented meiosis the Cyp26b1 up-regulation is apparently not necessary. In H. arborea, as in X. laevis, Raldh2 is down-regulated in the developing testes, thus accordingly a significant up-regulation of Cyp26b1 was not necessary to prevent meiosis, in accordance with our hypothesis. In B. viridis, like in B. bombina, Raldh2 was ex- pressed in the developing testes, therefore Cyp26b1 was most probably required to balance the RA level and prevented meiosis in these organs. In both R. arvalis and R. temporaria Raldh2 was not up-regulated in the differentiating testes and accordingly Cyp26b1 was not needed to block meiosis in these organs. Thus, the interplay in Raldh2 and Cyp26b1 expression patterns allows to explain the specific RA homeostasis triggering or preventing meiotic entry in developing ovaries and testes respectively in the two groups of anurans.
RA and Bidder's organ development in Bufo viridis
Importantly, we can deduce from our results that RA regulation may underlie the formation of the Bidder's organ present in males and females of Bufonidae family. The up-regulation of Raldh2 in the site of the Bidder's organ, followed probably by the RA synthesis, enhances the precocious meiosis entry and thus formation as well as appearance of large number of oocytes. We have found that a strong signal of Raldh2 was present at the anterior end of the urogenital ridge in B. viridis whereas in the medium part the Raldh2 signal was weak (Fig. 7) . Thus, localized signal might participate in determining the site of the Bidder's organ and proper gonad development. In the site of Bidder's organ development Cyp26b1 was not highly expressed whereas the Raldh2 signal was markedly high contributing to the formation of this specific organ enclosing numerous oocytes. Thus, in developing Bidder's organ a relatively low level of Cyp26b1, like in a testis, in conjunction with a high level of Raldh2, like in ovary, were expressed. We propose the following model of Bidder's organ development (Fig. 7) . Namely, high expression of Raldh2 (indicating potential high RA synthesis) along with the lack of Cyp26b1 (potentially low RA degradation) creates a localized high concentration of RA marking the site of enhanced meiocytes appearance and thus the Bidder's organ formation, whereas the absence of Raldh2 and the presence of Cyp26b1 mark the place of the proper gonad development where the RA concentration is probably small in comparison to the anterior part.
We also showed that RA is involved in the Bidder's organ formation by in vitro culture. Namely, citral or RAR antagonist addition led to decreased number of oocytes or the lack of diplotene oocytes in the Bidder's organs. Interestingly, the germ cells of the developing Bidder's organ are able to enter meiosis in vivo and in vitro whereas the germ cells in the undifferentiated proper gonad are insensitive to exogenous RA. It implied that during the onset of the Bidder's organ, its germ cells gain the ability to enter meiosis before it happens in the rest of the gonad.
Interestingly, we observed the increased signal of Cyp26b1 in the cytoplasm of oocytes in the Bidder's organ, however, Raldh2 was expressed in the follicular cells and thus RA synthesized in these cells could induce meiosis in oogonia. Moreover, it was proved that oocytes in the Bidder's organ are inhibited at previtellogenic stage and resume meiosis only after cutting the proper gonads (Brown et al., 2002) . Additionally, some studies have shown that RA enhances oocyte growth and maturation, which was proved in bovine, pig and mice ). This suggests that RA potentially synthesized in the somatic cells of the Bidder's organ, could diffuse to the oogonia and oocytes, however, would be degraded in the cytoplasm of the latter and thus the growth of oocytes could be inhibited in this organ of toads. This hypothesis could be verified by studies on eventual influence of RA on oocytes growth as suggested by Atikuzzaman et al. (2011) .
Raldh2 and Cyp26b1 in other vertebrates
The sites of RA production and degradation vary among the vertebrates. RA is not synthesized in the gonads of mice, but instead it defuses from mesonephroi that are a significant source of this compound in all of studied vertebrate species (Bowles et al., 2006; Koubova et al., 2006) . This contrasts with human foetuses, as well as with chicken and salamander P. waltl in which RA is produced directly in gonads (Childs et al., 2011; Smith et al., 2008; Wallacides et al., 2009 ). We show here that it is also the case in the six anuran species analyzed in the present study. RA is degraded probably in Sertoli cells of all these species and thus the meiosis may be prevented in all tetrapods. Interestingly, in P. waltl meiosis induction/inhibition depends on the Cyp26b1 (and thus on RA degradation) expression; Raldh2 is expressed in somatic cells and germ cells, irrespectively of the developmental stage or sex, and Cyp26b1 is down-regulated during the ovarian development owing to which meiosis is induced. Such a situation has not been observed in any anuran species. Two slightly different mechanisms of meiosis entry described here in anurans, together with the salamander case underscore a variability of RA regulation involved in meiosis trigger among amphibians. However, the numerous similarities in meiotic entry in the mouse, P. waltl and the six anuran species studied here suggest that the involvement of RA, and especially the role of the balance between synthesis and degradation of this compound, in meiosis entry is an ancient process and common for all tetrapods vertebrates. Nevertheless, some specific differences in sites of RA production and degradation are evident among the six anuran species. Apparently, the changes in the spatiotemporal pattern of gene expression are evolutionary malleable.
Conclusions
Our data show that: (1) RA induces meiosis in larval gonads in all six tested anuran species as in mice and thus this mechanism may be common among vertebrates; (2) RA homeostasis play a key role in meiotic induction and prevention in developing ovary and testis respectively, (3) Raldh2 expression pattern could be responsible for meiosis induction in larval ovaries due to RA production in the sites of gonads, especially ovarian cortex; (4) Cyp26b1 expression pattern could prevent meiosis in larval testes via localized RA degradation; (5) there are slight differences in sites of Raldh2 and Cyp26b1 expression patterns and thus potentially in RA production and degradation in gonads among anuran species; (6) the equilibrium between RA production/degradation seems to participate in determining the site of Bidder's organ and the proper gonad development in toads.
4.
Experimental procedures
Animals
Eggs of H. arborea, R. arvalis and R. temporaria, B. viridis were collected in the wild in the vicinity of Bielsko-Biała (Pogó rze Ś ląskie, Poland); eggs of B. bombina were collected from ponds near Miechó w (Wy_ zyna Miechowska, Poland). Larvae of X. laevis were obtained from adults mated in the laboratory following in vitro fertilization. All specimens used in the experiments were acquired according to Polish legal regulations of the protection of wild species (Dz. U. nr 33, poz. 289, 2005) and permits from the Polish Ministry of Environment Protection and Forestry and the I Local Commission for Ethics in Experiments on Animals. The tadpoles were reared in 10-L aquaria and fed ad libitum boiled leaves of Taraxacum officinale. X. laevis tadpoles were staged according to Nieuwkoop and Faber (1967) and the tadpoles of five remaining species according to Gosner (1960) . At different sampling points (Suppl. 1 and 4) tadpoles were anesthetized with MS-222.
4.2.
In vitro culture
Gonads with mesonephroi attached (entire bilateral urogenital complex) were dissected under sterile conditions and placed in culture medium (L-15 33.3 mL; RPMI1640 33.3 mL; FBS 6.65 mL; water 26 mL; supplemented with L-glutamine 660 lL; penicillin 100 IU/mL; streptomycin 100 lg/mL; neomycin 200 lg/mL; all products were from Sigma). RA and its metabolism modulators were added to the medium -2 lM RA (all-trans-retinoic acid, Sigma); 60 lM citral (Sigma); 0.5 lM BMS453 (Tocris); 2 lM ketoconazole (Sigma); stored as stock solutions in DMSO (Sigma) at À20°C (Yang et al., 1999; Bowles et al., 2006; Koubova et al., 2006; Wallacides et al., 2009) . Control gonads were cultured in medium with DMSO only (1 lL/10 mL). Before culture, a sterile agar (1.5% in serum-free culture medium) was applied to the bottom of wells of the tissue culture plates as previously described (Martineau et al., 1997; Tilmann and Capel, 1999 ) and 1 ml of culture medium was pipetted onto solidified agar. The urogenital complexes were placed in the medium and kept at the airmedium interface in a sterile chamber at 20°C in dark. The complexes were cultured in the medium for 10 or 20 days and the media were changed every second day.
Histology
The urogenital complexes were fixed in Bouin's solution, dehydrated in ethanol series, embedded in paraplast (Sigma) and sectioned. The 10 lm sections were stained according to Debreuill's trichrome procedure (Kiernan, 1990) . The germ cells were recognized by their large translucent nuclei. Different stages of meiosis in the nuclei of germ cells were distinguished by distinct morphology of their chromosomes. Images were taken under camera equipped Nikon Eclipse E600 light microscope and processed with Corel Photo-Paint 11. Numbers of cells were counted in five optical sections of each whole gonad; the mean number of germ cells per section was taken under consideration. Statistical analysis was performed using Statistica 6 Pl software.
4.4.
Immunofluorescence
